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Supplementary Material:
Materials and Methods
1a. Clades studied, taxonomic resolution and data quality.
1b. Determining if diversity rise and fall is just a consequence of "gamblers ruin".
1c. Estimation of the durations of the rise and decline phases.
1d. Establishing the roles of origination and extinction in diversity change.
1e. Testing for diversity-dependent rates of origination and extinction.
1f. Quantitative modeling of the observed diversity dynamics. Fig. S1 . "Gap analysis" of the 19 clades studied. Tables   Table S1 . Quality of the fossil records of the terrestrial mammalian families analyzed. Table S2 . Detection of diversity-dependent origination and extinction rates in individual clades. 4 diversity decline. For the extant families peak diversities were estimated using the boundarycrossing method (29) , which counts the number of taxa known to cross each stage boundary because they are know from both before and after that boundary. Boundary-crosser diversity is an absolute minimum estimate of the total diversity that might have been present (29, 30) given an incomplete fossil record it is likely that peak diversities were higher than the values used in our analyses, so we can be sure that we have not incorrectly identified extant clades that are in decline (although, of course, we do not know when they might go extinct). Note that we have selected only clades with high preservation probabilities (the average preservation probability is 0.89) so the unknown true peak diversities are unlikely to be much higher than those observed. Finally, it is possible that there are extant families that are currently in decline that we have missed because their fossils record are sufficiently incomplete that their observed peak diversities do not reveal their decline. We made no attempt to identify these cases.
Supplementary Figures

Supplementary
9) Key to our analysis is the estimation of per-genus rates of origination and extinction, and the method used is based on the boundary-crosser approach (see below), which if diversity is low, or if genus turnover very rapid, may prevent the calculation of the rates. In addition, in some cases either the diversification phase or the decline phase was quite rapid (Fig. S2 ), making it harder to characterize the full diversity trajectory. Thus, we restricted our analysis to families for which we could calculate at least one set of rates from both their diversification and decline phases (Fig. S2) .
Nineteen families met these criteria (Table S1 ).
1b. Determining if diversity rise and fall is just a consequence of "gamblers ruin".
To determine if clade duration could be explained by stochastic variation about equal pergenus rates of origination and extinction ("gamblers ruin") we compared the empirical longevity of each clade to the longevity expected if the diversity dynamics were determined by this kind of stochastic variation.
For each family we first estimated the average per-genus origination and extinction rates over its entire history, and then took the average of those rates. This average was then used as both the origination and extinction rate to simulate random clades, given the constraints that each random clade had a total diversity over its entire history and a final diversity that equaled the observed total and final diversity of the family being simulated. The longevities of those simulated clades' diversity trajectories calculated and compared to the observed longevity of the family being simulated.
The simulations were run with the R package paleotree (31) . For each clade we took the first 999 simulations that met our criteria (see immediately above) and then compared the empirical clade longevity to the distribution of longevities generated by the simulations. Fig. S3 shows the results for each clade. One clade shows a significant p-value (p < 0.05), although many show a p-value very close to 0.05. However, we suspect that most clades are too small to offer enough statistical power to discriminate between stochastic and deterministic diversity trajectories. Consistent with this suspicion, we note that the majority of clades show an empirical longevity that is shorter than the expected longevity. To increase the statistical power we combined the results of the simulations. If the fossil diversity trajectories were driven stochastically we would expect the a uniform distribution of p-values from our simulations, but this hypothesis is soundly rejected (Fig. S4) -on average the clade durations are shorter than expected under the null model. We used a bootstrap version of the Kolmogorov-Smirnov test to 5 compare the empirical distribution of p-values against a random uniform distribution. A randomly uniform distribution from 0 and 1 was generated with 1000 observations. We used the bootstrap version of Kolmogorov-Smirnov test because there was a tie in the empirical p-values, a condition not handled by the regular Kolmogorov-Smirnov test.
1c. Estimation of the durations of the rise and decline phases.
To determine if there is significant asymmetry in the durations of the rise and decline phases of the diversity trajectories, we compared the durations of both phases using a paired ttest where each clade was treated as a replicate. Prior to the t-test we established that the data were normally distributed (for the durations of the rise phases W = 0.9097, p = 0.07308, ShapiroWilk normality test; for the decline phases W = 0.9181, p = 0.1045, Shapiro-Wilk normality test.
To perform the t-test (and to establish that the data were normally distributed) we first had to determine the time that defines the transition between rise and decline phases (the transition point), as well as the start and end points for the rise and decline phases. For both extinct and extant clades, the transition point was the age of the stage boundary where the clade reached its maximum diversity as measured by the boundary-crossing method. For clades where the maximum diversity was reached more than once (see Fig. S2 ) we used the first time maximum diversity was reached as the transition point.
For fully extinct clades the starting point was the age of the mid-point of the first stage where the clade was found. The end point was the age of the mid-point of the last stage in which the clade was found.
For clades that are still extant the starting point was defined as the first point in time where diversity was at least the value of the diversity observed today. We used the boundarycrossing method (see 1a above) to assign the starting point given that the last point in time used for extant clades is also "a slice in time" (today). A second reason for using the boundary crosser method is that when counting taxa within a stage we do not typically know if they all coexisted, or whether some had already become extinct before others had originated. Thus, we wanted no ambiguity as to when the clade's diversity was first at least has high as the extant diversity -the boundary crosser method provided this assurance.
The results of the paired t-test suggest that clades, taken as an ensemble, do not show an asymmetry in the duration of the rise and decline phases (t = -0.0233, df = 18, p = 0.9817), a result confirmed by visual inspection (Fig. S2 -about half of the clades show a longer rise phase and about half of them a longer decline phase).
1d. Establishing the roles of origination and extinction in changes in diversity.
Origination and extinction rates we calculated using Foote's approach (32) , which has the units of lineages per lineage per million years (L/LMY). We selected this method because: 1) the expectation is that it is independent of the stage durations; 2) the estimates of the origination and extinction rates are independent of each other; 3) it seems to be less sensitive to variability in the stage by stage preservation rates than conventional interval-based metrics (32) . Fig. S2 shows the estimated rates as well as diversity trajectories for all 19 clades.
Given our interest in the stage-by-stage effects of per-genus origination and extinction rates on the clades' diversity dynamics we calculated the first differences in both rates and in the diversity for successive stages. Following Foote (32) , the first differences in diversity were calculated by taking the difference between the logarithms (so as to measure proportional change) of the number of taxa crossing the end and the beginning of each time interval (i.e., the 6 stages). The changes in the origination and extinction rates were simply calculated for adjacent stages.
The role that changes in the per-genus origination and extinction rates played in driving diversity change were evaluated using three approaches. 1) General correlation across the entire set of 19 diversity trajectories (Fig. S5) . We used the non-parametric Kendall rank correlation coefficient given that some of our estimates did not show a normal distribution, and because it uses rank correlation and so is not as influenced by outliers as parametric methods are. Given that changes in diversity are simultaneously affected by both change in origination and extinction, we used a partial correlation to evaluate the effect of the rate of interest while "subtracting" for the effect of the other rate.
Diversity change for the majority of terrestrial mammal families shows a stronger correlation with changes in origination rate than with changes in extinction rate (Fig. S6) . A similar pattern was found by Foote (33) for marine organisms during the post-Paleozoic, while the opposite pattern, a higher correlation of diversity change with changes in extinction rate, was found in the Paleozoic. Given that the Paleozoic Era encompasses many clades that are fully extinct (e.g., the taxa in Sepkoski's [34] "Cambrian Fauna") and that the Post-Paleozoic includes many clades that are extant and still expanding, the relative importance of changes in extinction rate during the Paleozoic versus changes in origination rate during the Post-Paleozoic is perhaps not surprising.
An exception to the general pattern is shown in Fig. S6 , the family Herpetotheriidae. In this case the correlation of diversity change to change in the per-genus extinction rate is stronger than the correlation with the change in the per-genus origination rate. However, the reason for this is that during the decline phase the origination rate for all stages is zero, resulting in first differences that are also zero. Thus, even this family supports the finding that a failure to originate is an important mechanism driving the diversity dynamics of clades in decline.
2) Analysis of diversity increases and decreases within the waxing and waning phases of the diversity trajectories. The analysis described above investigated the overall effect of changes in origination and extinction rates on the diversity dynamics throughout the entire histories of the clades. To further evaluate the effect of extinction and origination on the diversity dynamics we investigated their role when diversity was either increasing or decreasing by analyzing separately the rise and decline phases, and events of both diversity increase and decline within each of those phases. The motivation for this analysis was that the correlations found above could be driven largely by change happening just during the rise or decline phase or just by events of increase or decrease in diversity. By examining the two phases and the rises and falls in diversity within each phase separately we could better dissect out their roles in driving diversity change.
The separation of the rise from decline phases was performed by identifying the peak diversity using the boundary-crossing method (see 1c above), and then using the data points prior to and including the peak diversity as the rise phase, and data points after this peak diversity (including the peak diversity) as the decline phase. For most clades (13 clades) there is only one peak diversity, but for a few cases (6 clades) the peak diversity is reached more than once. For these latter cases we used the first time the peak diversity was reached as the dividing line to separate at the rise and decline phases of the diversity trajectories.
After dividing the dynamics into rise and decline phases we divided the changes in diversity in two groups: increases and decreases. Cases where diversity did not change (34 out of 128 data points) were not used in the analysis. This led to four analyses: increases in 7 diversity in the rise phase; decrease in diversity in the rise phase; increase in diversity in the decline phase; decrease of diversity in the decline phase. We used a Wilcox rank paired test to test the null hypothesis that when diversity changed that change in origination rate and extinction rate contributed equally (given the limited number of data points per analysis, we could not perform the type of analysis described in (1) above). The results are shown in Fig. 1 and discussed in the main text.
3) A comparison of the average rates of origination and extinction for the rise and decline phase of each clade separately. Lastly, we simply compared the average rate of origination and extinction for each clade separately during the rise and decline phases (the rise and decline phases were determined as in (2) above). The average rates of the rise and decline phases were compared using the non-parametric Wilcoxon rank paired test. These are shown in Fig. 2 and discussed in the main text.
1e. Testing for diversity-dependent rates of origination and extinction.
To evaluate the possibility of diversity dependence we tested the correlation between changes in diversity and changes in the per-genus origination and extinction rates in successive time intervals (see Fig. S7 ). Diversity was estimated using the boundary-crossing metric (29) and the difference between the logarithms of successive diversity estimates was then calculated (see Fig. S7 , and section 1d above). The per-genus rates (origination and extinction) were estimated using Foote (32) and the differences in successive rates were then calculated (see Fig.  S7 ). We then used a non-parametric correlation, the Kendall rank correlation coefficient, to test the association between the changes in diversity and the changes in the rates. We chose this approach given that some of our estimated rates and diversity estimates were not normally distributed, and because rank correlation is not as influenced by outliers as parametric correlation is. We did not perform partial correlations because we wanted to see how each rate "responded" to a change in diversity, irrespective of how the other rate changed.
We pooled the data from all clades to examine the correlation between the change in diversity and the change in per-genus origination and extinction rates. We found a correlation between the change in the number of genera and the subsequent change in both the rates in the expected direction -negative association with origination and positive association with extinction, indicating diversity dependence in the rates (Fig. S8) . The strength of the associations and the magnitudes of the slopes are approximately equal for the origination and extinction rates (Fig. S8) . Given the possibility that the overall correlation could be an artifact of the pooling of the data across the clades, we checked to determine whether the individual clades showed the same pattern seen in the pooled data. Indeed, this was the case, except for one case for the extinction rates (Table S2 ; Fig. S8 [colored data points]).
1f. Quantitative modeling of the observed diversity dynamics.
We modeled the loss of a clade to the Red Queen through an extension of the MacArthur and Wilson (12) model for the colonization of islands. First, we provide the quantitative description of their model and then provide our extension.
MacArthur and Wilson's (12) model. In the macro-evolutionary equivalent of MacArthur and Wilson's (12) model, the per-genus origination and extinction rates are diversity dependent. Thus, the realized per-genus origination rate (λ) is given by:
where λ 0 = initial per-genus origination rate, β = slope of the diversity dependence, and D = the diversity. The realized per-genus extinction rate (µ) is given by:
where µ 0 = initial per-genus extinction rate, and δ = slope of the diversity dependence.
The intrinsic per-genus diversification rate (r 0 ), the rate at the inception of the clade, is simply the difference between the initial per-genus origination and extinction rates:
The realized per-genus diversification rate (r) is the difference in the realized per-genus origination (eq. S1) and extinction (eq. S2) rates:
When the realized per-genus origination and extinction rates are equal the realized diversification rate is zero, and the diversity equals the equilibrium diversity ( ). Thus, setting r = 0 and D = in eq. S4 we have:
The equilibrium diversity is the intrinsic diversification rate, (λ 0 -µ 0 ), divided by the sum of the magnitudes of the strengths (slopes) of the diversity dependences (β + δ).
The rate of change of diversity with time is given by:
This is the standard differential equation for logistic growth. Substituting in equation S5 for the equilibrium diversity gives:
Extension of the MacArthur and Wilson (12) model. To incorporate the Red Queen, the deterioration of the environment with time, into MacArthur and Wilson's scheme we allow the per-genus intrinsic origination rate, λ 0 (t), to decay with time (t) at a rate of γt, and the intrinsic per-genus extinction rate, µ 0 (t), to increase with time (t) at a rate of εt, where γ and ε are constants:
where λ 0 (0) and µ 0 (0) are the per-genus origination and extinction rates at the inception of the clade, when t = 0.
The realized per-genus origination and extinction rates can be found by replacing λ 0 and µ 0 in equations S1 and S2 with λ 0 (t) and µ 0 (t) from equations S8 and S9:
As above, the equilibrium diversity ( [ ]) is when the realized diversification rate is 0, that is when λ = µ. Thus, at equilibrium eq. S10 equals eq. S11:
After rearranging, the equilibrium diversity is given by:
Thus, the equilibrium diversity is a function of time, and decays at the rate (γ + ε). The standard differential equation for logistic growth (eq. S6) becomes:
(eq. S14)
Substituting in the terms for the intrinsic origination rate, λ 0 (t), (eq. S8), for the intrinsic extinction rate, µ 0 (t), (eq. S9), and for the equilibrium diversity, ( [ ]), (eq. S13) we have:
(eq. S15)
where: a = ( ! 0 -! [0] ), the intrinsic per-genus diversification rate; b = (γ + ε), the rate of decay of the intrinsic per-genus diversification rate; c = + , the sum of the magnitudes of the slopes of the diversity-dependent per-genus origination and extinction rates. Equation S16 can be solved analytically (in our case using Mathematica 8 (35)), yielding:
where erf is the error function:
The graphs show in Fig. 3 in the main text depict solution to equations S10, S11 and S17 (see 10), with parameter values modeled on the average values found for the 19 clades examined: an initial per-genus diversification rate of 0.16 (a in eq. S17, the difference between the initial per-genus origination rate of 0.2 and initial extinction rate of 0.04); the sum of the slopes of the diversity dependence of the origination (β = 0.001) and extinction (δ = 0.001) rates = 0.002 (c in eq. S17); and, the sum of the rate of decay of the intrinsic per-genus origination (γ = 0.0025) and the rate of increase in the per genus extinction (ε = 0.0025) rate = 0.005 (b in eq. S17). The rate of decay of the intrinsic rate diversification rate (b/a), and thus the equilibrium diversity, is 3.125% per million years.
Finally, we note there are other ways of modeling the Red Queen, for example, by allowing the slope of the diversity dependence to become steeper with time, or allowing the diversity dependence to become increasingly nonlinear with time, but neither of these possibilities leads to zero or negative equilibrium diversities, and thus do not capture the observation of deterministic clade extinction. The panels on the left show the diversity trajectories. In each panel, the lower curve (orange) is based on the boundarycrossing method (see 1a above), and represents the absolute minimum estimate of the diversity extant at that time -incomplete preservation means that more genera might have been present. The upper curve (blue, labeled "Gap" Diversity) is an estimate of the true diversity in the stage, based on the number of genera found in the stage corrected by the incompleteness of the fossil record by dividing the observed number of genera by the estimated preservation probabilities show in Fig. S1 . Not all genera found within a stage may have co-existed (some may have gone extinct before others originated), thus the upper curve may overestimate the true diversity. For stages where the sampling probability could not be calculated the upper curve is simply the number of genera observed in the stage, plus un-observed genera that must have been present because they are known before and after the stage (they "Range-through" the stage). Panels on the right represent the estimates of per-genus origination, extinction, and diversification rates using Foote (32) (see 1a above). . General procedure for investigating the effect of changes in rates on changes in diversity. "First Diff" stands for first differences, the difference in the rates (orange) and the logarithms of the diversities (dark blue) between adjacent stages. For the analyses based on correlations between changes in rates and diversity (see section 1d above), the first differences paired for comparison are indicated by the shared subscript -given that change in diversity is a consequence of change in rates, the rates change are paired with the subsequence diversity change. Diversity was estimated using the boundary-crossing method (29) , and per-genus origination and extinction rates were estimated using Foote (32) . See section 1d above for further detail. Correlation coefficients between first differences in the per-genus origination and extinction rates and the first differences of log(diversity) using Kendall's tau partial correlations for each of the 19 family analyzed. Solid black line shows the expected values if the correlation between changes in origination and extinction rates with changes in diversity were equally strong. Most clades show a stronger correlation of diversity change with changes in the per-genus origination rates (orange quadrant) than with changes in the per-genus extinction rates (grey quadrant). Two families (Palaeomerycidae and Hyracodontidae) could not be analyzed because there was insufficient data to calculate the partial correlations. See section 1d above for more detail.
• i General procedure for detecting diversity-dependent origination and extinction rates. "First Diff" stands for first differences, the difference in the rates (orange) and the logarithms of the diversities (dark blue) between adjacent stages. For the analyses to test for diversity-dependence (see section 1e above), the first differences paired for comparison are indicated by the shared subscript -given that under the hypothesis of diversity-dependence a change in diversity causes a change in the rates, the rate changes are paired with the previous diversity change. Note this is different from the pairing used to test for correlations between changes in rate and changes in diversity. Diversity was estimated using the boundary-crossing method (29) , and per-genus origination and extinction rates were estimated using Foote (32) . See section 1e above for further detail. . Diversity-dependent signal in origination and extinction rates. Correlation between changes in log(diversity) and subsequent changes in the per-genus origination (A) and extinction (B) rates (see Fig. S7 for the procedure used). We used non-parametric correlation, the Kendall rank correlation coefficient, to test for this association. Colored points show the correlation for the individual clades that had 9 or more data points: Equidae (red), Rhinocerotidae (blue), Gliridae (orange), Ochotonidae (dark green), Eomyidae (pink), Castoridae (light blue). See Table S2 for all within-family analyses. The correlations within clades match the general correlation for the pooled data (see section 1e above, Table S2 ). Diversity was estimated using the boundary-crossing method (29) . Origination and extinction rates were estimated using Foote (32) . Table S2 . Detection of diversity-dependent origination and extinction rates in individual clades. Correlation between changes in diversity and changes in the per-genus origination and extinction rates for each clade studied (see section 1e and Fig. S7 and S8 ).
